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Abstract Background Even after successful aortic coarctation (CoA) repair, hypertension
causes premature morbidity and mortality. The mechanisms are not clear. The aim
was to evaluate elastic wall properties and aortic morphology and to correlate these
results with severity of restenosis, hypertension, aortic arch geometry, noninvasive
pressure gradients, and time and kind of surgical procedure.
Methods Eighty-nine patients (17�6.3 years) and 20 controls (18�4.9 years) were
examined using magnetic resonance imaging (MRI). In addition to contrast-enhanced MR
angiography and flow measurements, CINE MRI was performed to assess the relative
changeof aortic cross-sectional areas at diaphragm level to calculate aortic compliance (C).
Results Fifty-four percent of all patients showed hypertension (> 95th percentile),
butmore than half of themhad no significant stenosis (defined as�30%). C was lower in
CoA than in controls (3.30� 2.43 vs. 4.67�2.21 [10–5 Pa–1 m–2]; p¼0.024). Signifi-
cant differences in compliance were found between hyper- and normotensive patients
(2.61�1.60 vs. 4.11�2.95; p¼ 0.01), and gothic and Romanesque arch geometry
(2.64�1.58 vs. 3.78�2.81; p¼0.027). There was a good correlation between C and
hypertension (r¼0.671; p<0.01), but no correlation between C (and hypertension)
and time or kind of repair, restenosis, or pressure gradients.
Conclusion The decreased compliance, a high rate of hypertension without restenosis,
and independency of time and kind of repair confirm the hypothesis that CoA may not be
limited to isthmus region but rather be a widespread (systemic) vascular anomaly at least in
someof theCoApatients. Therefore, aortic compliance shouldbeassessed in these patients
to individually tailor treatment of CoA patients with restenosis and/or hypertension.
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Introduction

Aortic coarctation (CoA) is a common congenitalmalformation
with an incidence of 8 to 10/10,000 and is therefore one of the
five most frequent congenital heart diseases. Patients with an
uncorrectedCoAhave amean life expectancyofonly 35years.1

Surgery has beenavailable to repair this defect sincemore than
half a century and now interventional catheter methods of
treatment are available. CoA therapy during early childhood
should prevent progressive cardiac failure and reduces the risk
of later hypertension2–4. While often considered to be cured,
patients with repaired CoA frequently have premature mor-
bidity and even mortality.5 Long-term follow-up studies
showed, that also thesepatientshavea reduced life expectancy.
In previous studies, 50 years after surgery, only littlemore than
two-thirds of the patients are alive,6–8 and in the COAFU trial,
the late mortality rate was 6% with a median age of 41 years.9

Systemic arterial (residual or recurrent) hypertensionhas been
proposed as the major reason for premature morbidity and
mortality after aortic CoA repair due to cardiovascular compli-
cation.2,3,7,8,10–12 The pathophysiology of hypertension that
occurs also late after CoA repair is not yet fully understood.
Hypertension may be associated with anatomical and func-
tional changes in thearterial vasculature.Restenosisor residual
stenosis accounts for only a minority of cases of postoperative
hypertension.5,13,14 Systemic hypertension can occur after
repair and may be due to residual or recurrent coarctation,
but even patients with a successful repair may develop
hypertension.

It was hypothesized that abnormalities of the aortic wall
may impair aortic elasticity and compliance. This idea is
consistent with other findings of a stiffer transverse aortic
arch in patients with CoA and suggests that the defect may
not be limited to the small area of coarctation but may be a
widespread vascular anomaly.15

The aim of this study was to assess the prevalence of
abnormal elastic wall properties in patients after CoA repair
(remote of the region of any treatment/intervention) and aortic
arch geometry, and second, to evaluate the relation of these
results with the severity of restenosis, hypertension, noninva-
sivepressuregradients,andtimeandkindof surgicalprocedure.

Materials and Methods

Patients
Eighty-nine patients (mean age 17�6.3 years; median 7,
range 3–37 years: end-to-end anastomosis [n¼45], patch
plastic [15], subclavian flap [9], others [20]: 40% treated in
first year of age) and 20 controls (18�4.9 years) were
examined prospectively.

Over a period of 10 years (between June 2002 and
March 2012 a total of 192 patients with CoA were operated),
89patientswithpreviously surgical repairedCoA(n¼79;89%)
or native CoA (n¼10; 11%) were included in this prospective
study. There were 59males and 30 females (mean age� stan-
dard deviation [SD], 17�6.3 years). Forty percent of the
patients were treated in the first year of life. The median
time between initial repair and magnetic resonance imaging

(MRI) was 14 years (range 1.5–24 years). In 45/79 patients
(57%), the first surgical repair consisted of resection and end-
to-end anastomosis, and in 15 patients (19%) a patch graft
aortoplasty. Twelve patients had undergone subclavian flap
technique (n¼9; 11%) or a primary tube interposition graft
(n¼3; 4%). Three patients (4%) were treated interventionally
(balloon angioplasty without stent placement) once or twice
before their last surgical correction. Two patients had a resec-
tion and ascendo-descendo anastomosis (3%), and two others
an unknown first procedure (3%).

Ten patients with hypertension were on antihyperten-
sives (4 in monotherapy with a β blocker and 2 with an
angiotensin-converting enzyme inhibitor and 4 with a com-
bination of both) and no one with normotension.

The control group consisted of 20 healthy volunteers
(18�4.9 years, median 17, range 9–26).

Informed consent was obtained from all participants.
Participants less than 18 years of age assented to the partici-
pation and their legal representatives consented. The study
protocol was approved by the local ethics committee.

Magnetic Resonance Imaging
MRI was performed on 1.5 Twhole-body MR systems (Sym-
phonyMagnetom [thefirst 32 patients and thewhole control
group] and AvantoMagnetom [the last 57 patients], Siemens
Medical Solutions, Erlangen, Germany). For signal reception,
a standard body-phased array coil was used.

The Examination Protocol
Localization of the aorta (true fast imaging with steady
precession) in transversal, coronal, and sagittal orientation.

Two-dimensional (2D) CINE MRI (fast low angle shot
[FLASH]) as “brightblood” techniqueof theaorta in transversal
slice orientation, perpendicular angulated to the vessel at the
level of diaphragm (►Fig. 1) to calculate aortic compliance (C)
with following technical details:

• Symphony: TE¼4ms, TR¼18ms, FOV 180�180mm2,
matrix 192�256 pixel, slice thickness 6mm, flip angle
α¼40°.

• Avanto: TE¼3.7ms, TR¼72ms, FOV 180�180mm2, ma-
trix 312�384 pixel, slice thickness 3mm, flip angle
α¼15°.

The sequence was prospectively electrocardiogram trig-
gered and performed in an inspiratory breath-hold. This
sequence was performed in 76 patients at the level of the
diaphragm and in 13 at a more proximal level, but not higher
than the bifurcation level of the pulmonary arteries (these 13
patients were excluded for the comparison with the volun-
teers). In these 13 patients, the MR technicians planned the
compliance measurement at the wrong anatomical level and
the measurements could not be redone.

Two-Dimensional Phase-Contrast Flow Measurements
(Pre-, In-, and Poststenoses)
The blood flow velocitymeasurements were performedwith
a flow sensitive, phase-contrast (PC) gradient echo pulse
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sequence using the following image parameters: FLASH 2D,
echo time/repetition time¼4/9ms, flip angle 30°, field of
view 390mm, matrix 192�256, slice thickness 6mm, 25 to
39 phases per heart cycle, and high-velocity encoding (VENC)
typically of 500 cm/s. The PC-MRI sequenceswere performed
during free breathing. Prior to the quantitative through-
plane flow measurements, in-plane flow measurements
were performed along the course of the aorta to visualize
flow jets and to facilitate positioning of subsequent through-
plane measurements. In general, one through-plane PC flow
measurement was made in the proximal descending aorta
(aortic isthmus, immediately distal to a stenosis). All flow
measurements were orientated perpendicular to the main
flow jet. If no jet was visible, measurements were orientated
perpendicular to the aorta.

For visualization of the aorta, a contrast-enhanced MRI
angiography three-dimensional (3D) MR FLASH (TE¼1.8ms,
TR¼4.6ms, matrix: 215�512 pixel, slice thickness 1.25mm,
flip angle α¼50° using 0.2 mmol/kg KG gadolinium-diethy-
lenetriamine pentaacetic acid contrast agent [Magnevist,
Schering AG, Berlin, Germany]) were performed in patients.

Compliance
Compliance (C), as a parameter of distensibility, can be
assessedwith differentmethods usingMRI.16,17 In our study,
aortic compliance (C) was calculated by assessing aortic
distensibility as a relative change in the aortic cross-sectional
areas during cardiac systole and diastole, taking into account
blood pressure18:

ΔA¼Difference between maximum area (Amax) [m2] and
minimum (Amin) [m2] of the aorta over the cardiac cycle.
ΔP¼Blood pressure amplitude (systolic – diastolic blood
pressure) [Pa–1].

Finally, these results were calculated in relation to body
surface area. All measurements were positioned perpendic-
ular to the descending aorta at the level of the diaphragm
(►Fig. 1). Evaluation was done using an in-house developed
software (based on IDL version 6.0 Win 32) as previously

described.17 Contours were placed manually by an experi-
enced observer. The method has already been evaluated for
its inter- and intraobserver variability.17

Velocity Measurements
The analysis of the velocity measurements was performed
with a dedicated evaluation software available on the MR
scanner (ARGUS) and included the calculation of the mean
and peak blood flow velocity and the flow volume. Similar to
previous studies, ΔP was estimated from peak velocities
measured with MR PC velocity mapping using a simplified
or modified Bernoulli equation.19–23

Morphology of the Aortic Arch
The 3D-MR angiography image data sets were postprocessed
(maximum intensity projection, multiplanar reconstruction,
and volume rendering) (3D tool of Siemens Syngo Work-
place). Two observers evaluated the image data in consensus
classifying the presence and severity of CoA and the presence
of collateral arteries. The grade of CoA was quantified by
calculating percent stenosis of perpendicular angulated
cross-section area of the stenosis and at a vessel segment
distal to the stenosis and near the diaphragm. A significant
stenosis was defined as luminal narrowing>30%.

Assessment of the geometry of the aortic arch was done by
putting thewidthof the aortic arch in relation to theheight. The
width was defined as the transverse distance between the
ascending and descending aorta (center of the vessel) at
the level of the pulmonary arteries. The height was determined
as thelargestdistanceof thewidthof theaorticarchtotheaortic
arch (►Fig. 2). It has to be noted that no patient presentedwith
a hypoplastic arch. As a limitation of the simplified height/
width ratio it has to be mentioned that any form of tortuous
arch geometry is not acknowledged. However, this aspect is not
yet an established feature in patients with coarctation.

Based on previously defined definitions, a height/width
ratio of>0.745 was called gothic, a height/width ratio of
�0.745 was called Romanesque arch.24

Fig. 1 (A) Sagittal image of the aorta for planning transversal the CINE sequence at the level of the diaphragm (B). (C) Enlarged visualization of
the region of interest in the descending aorta with region of interest (ROI) placed for assessment of temporal change of area over time (D).
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Echocardiography
Echocardiography was performed with a Vivid 7 ultrasound
system (GE Healthcare, Chalfont St. Giles, United Kingdom).
Parasternal long- and short-axis scanning was performed
and was used to measure left ventricular dimensions and
aortic annulus size, according to the recommendations of the
American Society of Echocardiography.25 Apical and subcos-
tal views were used to assess flow velocity across the aortic
valve. Left ventricular systolic function was assessed by
measurements of shortening fraction and ejection fraction
as index of cardiac function.

Blood Pressure Measurement
Systolic and diastolic blood pressure was measured with
Dinamap Pro Care 100 (GE Healthcare) at the right arm and
leg before theMRImeasurements. Age-related normative data
for normal blood pressure in children and adolescents was
used, regarding values greater than the 95th percentile as
hypertensive (values from measurements of the right arm).26

In patients with an indication for an invasive catheteriza-
tion, these pressure datawere included into the evaluation. No
catheterizations were performed within the study protocol.

Statistical Analysis
Analysis was performed using SPSS 15.0 (SPSS Inc. Chicago,
Illinois, United States). Results are expressed by mean and
range. t-Test was performed to compare the aortic compli-
ance between patients and healthy controls, normotensive
and hypertensive patients, as well as between different arch
types. A p-value of�0.05 was considered to indicate signifi-
cance unless specified otherwise. Compliance of patients and
controls plotted against age were presented as a nonlinear
power regression line.

For the correlation of the hemodynamic parameters
obtained fromMRIwith the clinical hemodynamicparameters,
a Spearman’s correlation was performed. Differences were
tested for significance using a two-sided t-test. Significance
was assumed with p � 0.05.

Results

Two-thirds of all patients had an elevated blood pressure
(> 90th percentile). Slightly more than half (54%) showed
hypertension (> 95th percentile), but more than half of them
had no significant stenosis (defined as �30%). The compli-
ance was lower in the patients group than in the controls
(3.30�2.43 vs. 4.67�2.21 [10–5 Pa–1 m–2]; p¼0.024)
(►Table 1).

In both groups compliance is decreasing with increasing
patients’ age (►Fig. 3).

The 10 patients on antihypertensives had the lowest
values of compliance in comparison to the controls 2.51 to
4.67 (10�5 Pa–1 m–2) (p<0.01).

Significant differences were found between hyper- and
normotensive patients (2.61�1.60 vs. 4.11�2.95; p¼0.01).
No differencewas found between normotensive patients and
controls (►Fig. 4, ►Table 2).

Following a regression analysis, the compliancewas found
to be a highly significant predictor for the systolic blood
pressure and the presence of hypertonia (p<0.01 for the

Fig. 2 Contrast-enhanced magnetic resonance (MR) angiography of the aortic arch (maximum intensity projection). (A) Romanesque arch.
(B) Gothic arch. “B” marks the width as the distance between the ascending and descending aorta (center of the vessel) at the level of the
pulmonary arteries. The height “H” was determined as the largest distance of the width of the aortic arch to the aortic arch.

Table 1 Comparison of the compliance values between patients
and healthy volunteers (with aortic measurements at the level of
the diaphragm)

Patients Volunteers p-Value

Number [n] 76 20 �
Age range [y] 3–37 9–26 0.892

Age mean� SD [y] 17.7�6.2 17.5�4.9

Compliance/BSA
range [10�5 Pa-1m-2]

0.56–16.94 2.30–12.50 0.024

Compliance/BSA
mean� SD
[10�5 Pa-1m-2]

3.30�2.43 4.67�2.20

Abbreviations: BSA, body surface area; SD, standard deviation.
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systolic blood pressure group and p¼0.032 for the blood
pressure group).

Compliance and Aortic Arch Geometry
The control group showed a Romanesque arch.

The patientswere divided into two groups of varying aortic
archgeometry. Thepatientswithgothic arches showeda lower
compliance than patients with Romanesque arches
(2.64�1.58 vs. 3.78�2.81 [10–5Pa–1 m–2]; p¼0.027). Also,
a significant difference was found between the patients with
gothic arches and the controls (p<0.01). The difference
between patients with Romanesque arches and controls was
not significant (p¼0.213) (►Table 3, ►Fig. 5).

Correlation of Compliance to Blood Pressure, Degree
of Stenosis, Pressure Gradient, Type of Repair, and
Timing
The blood pressure of the patients was (mean) 132/67mmHg
(SD�20/11mmHg) assessed at the upper extremity and 129/
66mmHg (SD�23/10mmHg) at the lower extremity. A good
correlation between systolic and diastolic blood pressure as

Fig. 3 Compliance/body surface area (BSA) of all patients and volunteers according to their age. Exponential regression to visualize the effect
(solid line, patients; dotted line, volunteers).

Fig. 4 Boxplot diagram of the compliance/body surface area (BSA) of the hypertensive and normotensive patients and controls. N.S., not significant.

Table 2 Subgroup comparison between the hypertensive and
normotensive patients (patients with compliance measurements
at the level of the diaphragm included)

Hypertensive
patients

Normotensive
patients

p-Value

Number [n] 41 35 �
Median age
and range [y]

17.1; 3–37 16.9; 4–25 �

Mean age [y] 18.5� 6.8 16.8� 5.4

Gender

Male
Female

30
11

21
14

�

Compliance/
BSA range
[10�5 Pa-1m-2]

0.56–8.51 1.02–16.94 0.01

Compliance/
BSA mean� SD
[10�5 Pa-1m-2]

2.61� 1.60 4.11� 2.95

Abbreviations: BSA, body surface area; SD, standard deviation.
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well as blood pressure percentile and the compliance were
found (►Table 4).

Only14patientshada systolicpressuregradientof�20mm
Hg between the upper and lower extremity indicating a
significant stenosis. Eight of those had a stenosis of>30%.

Therewas no correlation between the compliance and the
pressure gradient (byechocardiography/Doppler, heart cath-
eter/invasive pressuremeasurements, orMRI/flowmeasure-
ments). The degree of stenosis showed no correlation with
the systolic blood pressure (p¼0.8) or the blood pressure
percentile (p¼0.145).

Based on the MRI measurements (degree of stenosis
[%]¼ smallest diameter within the arch/diameter at the level
of the diaphragm), 35 patients (39%) showed a significant
stenosis (> 30%), 4 of those even a stenosis>60%. Fifty-four
patients (61%) showed a nonrelevant stenosis, of those 20
patients had a stenosis>10%. Twenty-seven patients (30%)
suffered from hypertension (�90 blood pressure percentile)
and had a significant stenosis. Eight patients (9%) had a
stenosis but no hypertension, and 18 patients (20%) no

hypertension and no stenosis. Thirty-six patients had hyper-
tension without stenosis.

The degree of stenosis showed no correlation with the
compliance (p¼0.965). The 35 patients with significant
stenosis showed a reduced compliance compared with the
control group (3.58 vs. 4.67 [10–5 Pa–1m–2]), without reach-
ing significance. Forty percent of patients with significant
stenosis (14 of 35 patients) showed a normal compliance
(�5th percentile) (►Fig. 6).

Timing of Surgery
Twenty-five patientswere operatedwithin thefirst year of life
(33%, based on 76 patients with a compliance measurement).
Sevenpatients (9%)were operated in their secondyearof life, 7
patients (9%) in their third year, 4 (5%) forth year, 8 (11%) fifth
year, and 14 (18%) after the fifth year. The latest surgical
procedure was performed at the age of 19. In 11 patients,
the time of surgical repair could not be identified.

There was no impact of the timing of the first surgical
procedure on the compliance of the aorta. In 39% of the
patients, MRI showed a significant restenosis (�30%).
Patients who were operated within their first year of life
showed in 5 out of 25 cases a significant restenosis (20%).
Patients who were operated later in life showed in 24 out of
51 cases a significant restenosis (47%).

Eighteenoutof 25patients (72%)whowereoperatedwithin
their first year of life suffered from hypertension (> 90th
percentile). Patients whowere operated later in life (36 out of
51 patients, 71%) showed a similar rate of hypertension.

Table 3 Comparison between patients with different architecture
of theaortic arch (patients includedwith compliancemeasurements
at the level of the diaphragm, n¼ 76) with controls

“Romanesque”
Height/Width
�0.745

“Gothic”
Height/Width
>0.745

Controls

Number [n] 44 32 20

Median age
and range [y]

17.1; 3–27 18.6; 4–37 16.5; 9–26

Mean age [y] 16.6� 5.8 19.3� 6.6 17.5� 4.9

Gender

Male
Female

29
15

22
10

�

Compliance/
BSA range
[10�5 Pa�1m-2]

1.10–16.94 0.56–6.82 2.30–12.50

Compliance/
BSA mean� SD
[10�5 Pa-1m-2]

3.78� 2.81 2.64� 1.58 4.67� 2.20

Abbreviations: BSA, body surface area; SD, standard deviation.

Fig. 5 Boxplot diagram showing the compliance/body surface area (BSA) with different configurations of the aortic arch and the controls
(p¼ 0.213, Romanesque arch vs. controls).

Table 4 Correlation between the compliance and blood pressure

Systolic
blood
pressure

Diastolic
blood
pressure

Systolic
blood
pressure
percentiles

Ratio of correlation
coefficient to
compliance

0.671 0.299 0.445

Level of
significance, p

< 0.01 < 0.01 < 0.01
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Influence of Type of Surgical Repair to Compliance
Surgically corrected patients showed a reduced
compliance compared with the controls (3.07–4.67 [10–5

Pa–1 m–2], p<0.01). The type of surgical repair had no
influence on the compliance or number of restenosis.
However, differences between the blood pressure were
found. Native CoA patients showed similar compliance
values than the controls (5.02–4.67 [10–5 Pa–1m–2]).

Patients operated with tube interposition graft, subclavian
flap technique, and corrected with unknown technique
showed hypertension while the others were normotensive
(►Table 5).

There was a good correlation between compliance and
hypertension (r¼0.671; p<0.01), but no correlation be-
tween compliance (and hypertension) and time or kind of
repair, restenosis, or pressure gradients.

Fig. 6 Compliance/body surface area (BSA) only of patients with significant stenosis and the control group. As reference lines are the 95th and
5th percentile of the compliance of the control group as exponential regression provided.

Table 5 Influence of the type of surgical repair on blood pressure, degree of stenosis, and compliance

Number [n] Mean blood
pressure percentile

Mean degree of stenosis
[in %]

Compliance/BSA mean� SD
[10�5 Pa-1m-2]

Tube interposition graft 2 98.5� 0.71 20�9.9 2.28�0.81

Subclavian flap 9 94.7� 4.3 23.1�20.3 2.28�0.71

Other/unknown 2 94.0� 1.4 12.5�14.5 4.41�2.98

Native CoA 9 71.9� 23.9 32�14.9 5.02�5.08

End-to-end anastomosis 40 88.9� 16.0 27.1�19.2 3.32�1.89

Patch graft aortoplasty 12 88.6� 16.5 23.9�22.5 2.34�0.88

Ascendo/ descendostomy 2 70� 14.1 12.0�17.0 5.47�3.37

Abbreviations: BSA, body surface area; CoA, aortic coarctation; SD, standard deviation.
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Using amultivariant analysis the influenceof type of repair,
age at time of repair, systolic blood pressure, blood pressure
percentile, or compliance of the geometry of the aortic arch
was assessed. No parameter reached significance (►Table 6).

Discussion

Hypertension is one of the leading cardiovascular issues in
patients with treated CoA.27 It is well acknowledged that
hypertension has a multifactorial origin. An increased arterial
stiffness is discussed as oneof themain drivers; however, even
the latest review article focuses only on the prestenotic/
ascending aorta.27,28 Also, various other aspects like type of
surgical repair or timingor aortic arch geometryare discussed.

In this field, still under investigation, our large population
study adds somemajor insights. UsingMRI the compliance of
the aortawas assessed for thefirst time (to our knowledge) at
the level of the diaphragm and therefore far away from the
isthmic and also not in the prestenotic region and compared
with healthy controls.

The technique used in our study for measuring compli-
ance can be performed using any MR machine without
special sequences or postprocessing tools.

As mentioned above, this technique was evaluated previ-
ouslyand foundvalid results.16–18The changeofarea andblood
pressure have influence on the compliance. We also assessed
the influence of systolic pressure, diastolic pressure, and differ-
ence between systolic and diastolic pressure, at right arm and
right leg. We could not find a significant correlation between
these parameters and the compliance by themselves, therefore
we used in all patients and subjects the blood pressure which
was measured at the right arm. Still, there might be the
possibility that a “delta” P could be driven by a high systole
alone in single cases but not in all patients. In the majority of
the hypertension group, systolic and also diastolic pressure
increased in a similar way without any change of “delta” P.

There are newer techniques available like four-dimensional
flow measurements or computational fluid dynamics simu-
lations, even allowing for assessment of wall shear stress, but
these techniques require much more acquisition time and
dedicated postprocessing tools, not yet broadly available.29

Otherpossibilities includesimulationofwall shearstressusing
computational fluid dynamics.30 Especially, these techniques
are highly experimental and not broadly available.

Our population showed amanifest hypertension in 54% of
cases, which is in the expected range for this patient collec-
tive.31 The presence of arterial hypertension correlated with
a significantly decreased compliance of the aorta at the level
of the diaphragm. This finding did not correlate with any
other parameter like type or timing of surgical repair
or degree of restenosis. This supports the hypothesis of a
global systemic vascular disease.30,32,33 Our findings are in
contradiction to a previous study showing a reduced com-
pliance of the ascending aorta was found and no change in
compliance in a poststenotic segment.24 In this previous
study, normotensive patients were examined and the post-
stenoticmeasurement was in the area potentially affected by
surgery (scar tissue or poststenotic aortic dilatation). In our
study, measurements were performed at the level of the
diaphragm, remote of the location of surgery.

We confirmed the finding, that hypertension has no
correlation with the degree of restenosis.14,34

On the other hand, 40% of patients with a significant
restenosis (� 30%) showed a normal compliance of the aorta.
This underlines the individual aspect of the elastic properties
of the aorta within the disease group of coarctation patients.

Timingof surgery hadan influence on the riskofdeveloping
a restenosis, as previously suggested a younger age at the time
of surgery (< 1.5 years) has a significantly reduced risk of
development of a restenosis.6 However, in our collective, the
timing of surgery had no influence on development of hyper-
tension which is in keeping with previous reports.2,5,14,33

There was no correlation between degree of restenosis
and systemic blood pressure or the pressure percentile. Half
of all patients with hypertension had no significant stenosis.
Nearly one-half of all patients had hypertension without
stenosis. Conversely, 40% of patientswith significant stenosis
showed a normal compliance (�5th percentile)

Interestingly, the type of surgical repair had a significant
influence on the development of hypertension. Previously,
subclavian flap repair showed worse outcome than end-to-
end anastomosis.35 In our population, also patients treated
with a tube interposition graft showed hypertension. How-
ever, the type of surgical repair had no influence regarding
the compliance or degree of restenosis.

A gothic arch geometry is a common finding in patients
with coarctation.36

Regarding the influence of the arch geometry onto hyper-
tension and compliance, mainly the ascending aorta was
studied so far and a decreased compliance and increased
arterial wave reflectionwas found for a gothic arch configura-
tion.27,37 In a previous study, it was postulated, that a gothic
arch configuration results in an increased reflection of the
aortic wave with subsequent increased left ventricular hyper-
trophy and increased systolic pressure.24 In a more recent
study, no relationshipbetweenagothic arch configurationand
coarctation index or central aortic systolic blood pressure was
found.28 In our study, we found a significant lower compliance
also at the level of thediaphragm inpatientswith a gothic arch
configuration. Therefore, those patients seem to have a glob-
ally changed compliance of the aorticwall and hypertension is
a subsequent result. This would also explain the differences

Table 6 Multivariant analysis with type of aortic arch as constant
variable

Variable Coefficient t p-Value

Type of repair –0.027 –0.308 0.759

Age at repair –0.028 –0.243 0.809

Systolic blood pressure –0.200 –0.989 0.326

Systolic blood pressure
percentile

0.244 1.330 0.188

Compliance 0.054 0.489 0.627
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between those patients with a Romanesque arch and controls
—there was a nonsignificant difference in the aortic compli-
ance. This is in keeping with another study in patientswithout
congenital heart disease.38 Similarly, this might account for
patients with coarctation not yet suffering from hypertension
but already showing a reduced compliance.39,40

As limitations of our study, it has to be mentioned, that
our patient population was quite inhomogeneous, that is,
regarding type of surgical repair. This is a frequently seen
issue in longitudinal studies inpatientswith congenital heart
diseases. However, this heterogeneity allowed us to compare
the whole bandwidth, that is, types of surgical repair and
the respective outcome. That two differentMRI scanner were
used, is less of an issue as the temporal and spatial resolution
for assessment of compliance was sufficient, as a large vessel
(descending aorta) was evaluated.

Assessment of the aorta was done using a contrast-
enhanced angiography. Recently, it was shown that MR
contrast media are deposited in the brain and thus the use
of MR contrast should be handled restrictively. For visuali-
zation of the aorta, dark blood sequences and submillimetric
T2-weighted images should be used.

In conclusion, we could show that at least the majority of
patients with coarctation do suffer from a primary systemic
vessel disease with generally reduced compliance. This
seems to be a major driver for development of arterial
hypertension. For patient management, it can be concluded
that patients with a normal compliance might benefit from
retreatment (operation and/or intervention) in case of a
restenosis. Also, patients with reduced vascular compliance
and no hypertension should be identified for closer blood
pressure monitoring.
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